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INTRODUCTION

It is the responsibility of this program to address
critical and generic materials problems associated with the use of
ceramics in fusion reactors. These materials are primarily used
as electrical insulators, and the most severe problems result from
the presence of radiation fields characteristic of fusion de» ices.
Thus the focus of this work is for the most part on radiation
effects in cevanics.

The program is made up of two projects. In the first,
experiments are conducted to determine electrical and structural
“changes resulting from ueutron and ionizing radiation. The
second involves calculation of damage effects in compounds and the
dependence of this damage on neutron energy. These activities are

outlined in Sections I end 11 of this report.

I. EXPERIMENTAL PROGRAM

Six major applications for ceramics in fusion devices have
beer identified: (1)

« Insulators for magnetic coils

o The toroidal current break

o Neutral beam injector insulators

s Dielectrics for RF heating systews

¢ Direct ccnverter insulators

o First wall (inzluding structure, arwor,

limiters, and collectors).

Those parts of the LASL program that address the use of inorganic

insulators for magnets are the subject of this paper.

*Work performed under the uuspices of the U. S. Department of
Energy.
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Six critical and generic ceramic protlcm areas, three
structural and three electrical, are apparent for fusion appli-
cations:

e Swelling

e Strength degradation

¢ Reduction of thermal conductivity

e Decrease in electrical resistivic.y

o Reduction of dielectric strength

s Increase in loss factor (for RF applications).

All but the last are of concern for magnetic coil applicetions, and

are discussed below.

Swelling

At elevated irradiation temperatures, swelling results
from the creation of new lattice sites (e.g., by conversion of
displacement-inducud interstitials to lattice atoms and stabi-
lization of vacancies in voids). At room temperature ard below
this mechanism operates less efficiently, but significant swelling

.can result from lattice dilation induced by finely-dispersed
defects. Results of two low-temperature swelling studies conducted
at LASL are described here.

MgO and MgAl20; are candidate ceramics for high-dose
applications because of their cubic lattice structure (which
minimizes problems associated with anisotropic dimensional
changes). Samples of these materials were .rradiated to flu¢nces
of ~2.1 x 1026 fast n/m2 (E>0.2 MeV) and~4.6 x 1026 thernial n/m?
at 1559C, generating damage levels which might be encountered in
the poorly-shielded divertor coil of a power reactor. Resulting
swelling values are:(2)

Mgo 2.8 vol %

MgAl 20y, 0.8 vol X.
TLM examination showed the defect structure of each to be char-
acterized by fine defect aggregates and dislocation locws. The
nagnitude of the observed swelling may be sufficient to cavse

significant dimensional changes in magnetic coils.
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MACOR* machinable glass-ceramic is an attractive material
for magnet applications, but is sensitive to radiolysis (struc-
tural damage induced by ionizing radiation or by the ionizing
component of neutron energy loss). Electron irradiation studies
near room temperature conducted in the electron microscope show
visible structural damage at ~1010 Gy. However, little or no
damage 1is seen after irradiation at RT to ~1022 14 MeV n/mZ,
corresponding to ~107 Gy, and no swelling is observed.(3»4) If
swelling does not worsen at cryogenic temperatures, MACOR would,
by the swelling criterion, be vseful for such applicatiors as the
toroidal field (TF) coil.

Strength
Strength of ceramicse varies directly with fracture tough-

ness, inversely with critical flaw size, and is degraded by
internal stresses. Of greatest concern for a polycrystalline
ceramic is anisotropic swelling, which usually results from a non-
cubic crystal structure or the presence of dissimilar phases.
“Such swelling can result in high internal stresses and ultimately
ir microcracking. On the other hand, fracture toughness of
ceramics may actually increase, as cracks are pinned by irradia-
tion-induced defects.(5)
Preliminary tensile strength measurements for Mg0 a&nd
MgAlo0, irradisted at 155°C (to the fluences described earlier)
show the following strength increases:(2)
MgO ~182%
MgAl20, ~21%
This good periormance is encouraging, but it must be recalled that
very high stresses can result from swelling unlese dimensional
changes can be accommodated by coil design.
Bend otrength of MACOR after irradiation to 1022 14 Mev
n/m2 at RT showed essentially no change,(A) congistent with

swelling and electron microecopic observations.

%A product of Corning Glass Works, Corning, NY.



Thermal Conductivity

Heat is primarily conducted by phonons In i cleci i lly-
insulating ceramic. Radiation-induced defects scattcr phonnns and
therefore reduce thermal conductiviiy, with {ine-scalc¢ d:umage
being the most deleierious at room temperature and above. (At
cryogenic temperatures the greater phonon mean free path results
in strong scattering by larger, more widely-spaced defects.) Thus
degradation of thermal conductivity increases with increasing dose
and decreasing irradiation (or measurement) temperature. However,
sensitivity to damage is less at higher fluences (Fig. 1).(6) The
lower limit for degradation (unless wmicrocracking occurs) is
reached when phonon me2an free path is reduced to the interatomic
spacing (~3 R), at which point the thermal conductivity approxi-
mates that of a glassy structure.

Large decreases in thermal conductivity are anticipated
for insulators in divertor coile, where fluences will be high and
temperatures relatively low. At the much smaller radiation dhses
-expected beyond the shield (e.g., at TF coils), room-tcmperature
reductions should be small; no decreases were observed in the
irradiated MACOR described earlier.(4) However, dcgradation might

be significant at cryogenic temprratures.

Electrical Rasistivity

Post-irradiation measurements in A17203 show an increase in
electrical resistivity, apparently due to defect-induced scatter-
ing or trapping of electronic charge carriers.(7) A slight
decrease in resiativity was observed in MACOR after irradiation
to ~102” n/m? at RT (Fig. 2),(8) perhaps resulting from changes
in ionic conductivity o~ the glassy matrix.

Resistivity decreases significantly during irradiation,
ag absorption of ionizing energy enhances the number of charge
carriers. (7} Tmis Fhenomenon is dependent primarily on rate of
energy absorption rather than total ionizing dose. Dependence on
dose rate is roughly linear in Cr-doped Aluj near RT, although
this relationship does not hold at elevated temperatures.
Temperature-dependence of radiation-induced conductivity is com=-

plex, possibly involving trapping, detrapping, recombination,
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<i.2/or scattering of chargc carriers. Thc rcsult in Alp03 is a
lesscned temperature dependence (Fig. 3).(7)

A significant reduction in resistivity can be expected in
coils subjected to high rates of irradiation, either from gamma or
ucutron fluxes. Although measurements have rot been made at
cryogenic temperatures, the low irradiation rate beyond the shield
(on the order of 0.1 Gy/s) suggests that radiation-indﬁced

conductivity effects will be minimal at that point.

NDielectric Strength

Dielectric breakdown of ceramics occurs by one of twvo
mechanisms, depending on temperature and length of time that
voltage is applied. For low temperatur2s eor short times the
avalanche mechanism prevails, in which electron collision ioni-
zation and multiplication causes breakdown. Under other condi-
ditions, thermal breakdown occurs via Joule heating. Cryogenic
magnets are expected to operate in the avalanche regime, whereas
near-room-temperature coils may be in either the avalanche or
thcrmal regime depending on material chosen and operating condi-
tions.

There is no obvious reason why fine-scale st-uctural damage
should degrade the post-irradiation dielectric breakdown strength
of a ceramic, urless microcracking occurs. Indeed, no degradation
was observed in single-crystal Al903 irradiated to~2 x 1026 n/m2
at elevated temperatures and tested in the avalanche regime (Fig.
4).(9) pefects present included a high coacentration of dislo-
cations and voids up t. 100 8 dia.(5)

Dielectric strength of polycrystalline Al203 is slightly
reduc:d by an ionizing fl' x of 6 Gy/s near room temperature, but
above ~1759C no degradation was observed.(10) The latter behavior
was attributed to a swamping of the ionization contribution by
thecrmal effeccs. These results suggest that reduction in di-
electric strength may not be a problem for shielded magnets, but
that close-in coils (e.g., the divertor coil, where the neutron
contribution to ionization flux alone will be 1 to 100 Gy/s) may

suffer degradation.



II. DAMAGLE CALCULATIORS

The lack of intense 14 MeV neutron sourcos 'as i it
necessary to conduct high-dose neutron ivradiatic. :lu.i. o of
ceramics in fissicn reactors. Calculations have been carricd out
to determine whether fission neutrons supply an adecquatc simu=
lation of fuuion neutrons. Results show that in low-Z ceramics
(e.g., Al,03, MgO, MgAl;04) the relative amount of damage encrgy
deposited in the cation and anion sublattices is roughly the szme
for fast fission and for fusion neutrons (Fig.5). (11) This is not
the case, however with high-Z ceramics (e.g., Ta0, UO3), where
relative damage levels in the two sublattices differ for the two
neutron energies (Fig. 6).(11)
. These calculations also show thar the ratio of cation to
anion displacements can be strongly depcndent on displacement
thresholds and atomic masses. This observation has impor:iant
implications for the nature of damage produced and the consequent

damage microstructure.

SUMMARY

1. 1t does not appear that irradiation problems will be

severe for ceramic insulators in well-shielded magncts (e.g., the
toroidal field coils), unless materials particularly sensitive to
radiolysis are used. '

2. Ceramic insulators for poorly-shieldcd magnets (e.g.,
divertor coils) could suffer significant degradation of structural
and electrical properties, making it important that proper mate-
rials choices be made.

3. More data are needed near room tempcrature for high-
duse applications. Of particular importance are;

o fusion neutron data (to be obtained when the Fusion-
MaLerials Irradiation Test Facility becomcs available)

o damage resuits obtained with the proper dpa/gas atom
ratio (this can be supplied by irradiation of isoto-
pically-adjusted ceramics in a mixed-spectrum fission
reactor)

o measurement of electrical resistivity and dielectric
strength during absorption of ionizing encrgy at appro-

priate rates.
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